Abstract Our previous studies in BALB/c mice showed substantial protection against the experimental murine visceral leishmaniasis (MVL) when the animals were immunized with c-irradiated live Leishmania donovani parasites through intra peritoneal (i.p.) and intra muscular (i.m.) routes respectively. The observations encouraged us to check the prophylactic efficacy of subcutaneous (s.c.) route as it is better alternative for human trial. The mice immunized with two subsequent doses of the radio attenuated homologous vaccine were challenged with virulent L. donovani parasites. Seventy-five days post infection, the animals were sacrificed. The extent of protection against the disease was evaluated by assessing the reduction of parasite burden in spleen and liver, the generation of free radicals (NO & ROS) and release of the cytokines from T-lymphocyte helper 1 (Th 1) and T-lymphocyte helper 2 (Th 2) along with the measurement of the serum immunoglobulins. The reductions in parasitic burden were observed up to 21 and 24 % in spleen and liver of the immunized groups with NO and ROS productions 27 and 34 % respectively. Whereas the increase in IFN gamma releases was between 19 and 34 %, the decrease in IL-10 release was not more than 22 %. This indicates the failure of the establishment of pronounced Th1 ambience which was further corroborated by the observed IgG2a and IgG1 ratio. The present study when compared with our previous observations with i.m. and i.p. routes revealed that s.c. route may not be a good choice for the use of radio attenuated vaccine.
Introduction
Leishmaniases are tropical vector borne disease conditions caused by the unicellular kinetoplastid protozoa, Leishmania sp. The diseases are prevalent in six continents and endemic in 88 countries and annually about two million of new cases are reported worldwide with almost 350 million people are at risk (Desjeux 2004) . On the bases of the clinical manifestations and tissue tropisms of the parasites, there are three major forms of the disease: cutaneous, visceral, and mucosal. World health organization (WHO) gives high priority to visceral leishmaniasis (VL) or Kalaazar (KA) and is fatal if not treated (World Health Organization 2006) . High risk of HIV co infection in the endemic zones makes the control strategy for VL vulnerable (WHO/UNAIDS 1998). Uses of the current available drugs such as Antimonials, Amphotericin B, Pentamidine etc. are far from satisfaction due to the emergence of resistance and the cost and side effects respectively (Croft et al. 2006) . The observation that recovery from VL confers protection from re infection gives strong impetus for vaccine development to combat the disease. The cell mediated protective immunity against Leishmaniasis is largely attributed to an Interleukin-12 (IL-12) driven T helper-1 (Th1) response and Interferon-gamma (IFN-c) production resulting in the macrophage activation which ultimately kills the parasites. On the other hand, an IL-10 driven T helper-2 (Th2) response has been recorded in disease progression in murine model of infection (Haldar et al. 2009 ). Elevated level of IL-10 has also been reported in patients with active VL and they have shown increased expression of IL-10 mRNA in their bone marrow and lymph nodes with higher levels of IL-10 in sera (Saha et al. 2007; Gautam et al. 2011) . Extensive vaccine studies against experimental animal models of the disease have encompassed the uses of live/ killed parasites to nonliving proteins as vaccine candidates (Afrin et al. 2000; Bhowmick and Ali 2009; Bhaumik et al. 2009; Mukhopadhyay et al. 2000) . DNA subunit vaccines tested so far have not shown much hope as they did not impart long-term immunity (Mukhopadhyay et al. 1999) and the killed vaccines have not performed satisfactorily in the field trials (Basu et al. 2005) . The live-attenuated vaccine, on contrary, provides an attractive alternative as it mimics the natural infection for some time and could display a plethora of antigens to the antigen presenting cells in the host. This may lead to similar immune response as that would be seen in case of infection with virulent parasites (Handman 2001) . Factors related to the efficacy, production easiness and cost effectiveness of live attenuated leishmanial vaccines have also made them attractive immunizing candidate against VL.
In the present study and also in our previous study, we have taken radio-attenuated Leishmania donovani parasites as our vaccinating agent against the disease caused by virulent L. donovani. Gamma irradiations at three different doses [50 Gray (Gy), 100 Gy and 150 Gy respectively] were used for the attenuation of the virulent L. donovani parasites. We got encouraging results using this homologous vaccine candidate in both our prophylactic and therapeutic studies using i.p. and i.m. routes (Datta et al. 2010; Datta et al. 2011; Datta et al. 2012) respectively. The present study entails our previous experiments and intends to understand the immunological response pattern in s.c. route in murine model as it is considered as one of the preferred routes for human trial.
Materials and methods

Chemicals and reagents
Penicillin, Streptomycin, HEPES, Sodium bicarbonate, 2-mercaptoethanol (2-ME),sulfanilamide, N-(1-naphthyl) ethylene diamine hydrochloride, M199 medium, RPMI-1640,Giemsa stain, TMB, H 2 DCFDA (2 0 ,7 0 -dichlorodihydrofluorescein diacetate) were purchased from Sigma-Aldrich. (Manna et al. 2005 ) originally obtained from confirmed Indian Kala-azar patient, were maintained in Golden hamsters (Mukhopadhyay and Madhubala 1994) . Promastigotes obtained after transforming the amastigotes from infected animal spleen were cultured in medium M 199 supplemented with 10 % FBS along with 100 U/ml Penicillin and 100 lg/ml Streptomycin and maintained at 22°C. Mice were injected with 5 9 10 6 stationary phase promastigotes suspended in Phosphate buffered Saline (PBS) through intra cardiac route (Mukhopadhyay et al. 1999 ).
Immunization with attenuated parasites
Leishmania donovani parasites were attenuated by Gamma-irradiator machine (UGC-DAE, Kolkata Centre, India) at three different doses, 50 Gray (Gy), 100 Gy, 150 Gy respectively. The description of the animal groups (five animals in each group) for the present study was as follows: Group 1, normal control animals without any infection and immunization; Group 2, infected control animals with infection and without immunization while Group 3, Group 4 and Group 5 were animals received two doses of immunization through s.c. route with Leishmania donovani parasites (5 9 10 6 parasites/animal) attenuated at 50 Gy, 100 Gy and 150 Gy doses of gamma radiation respectively. The immunization was repeated for three immunized groups in 15-day interval. Fifteen days after the last immunization, the mice were infected with same number of virulent parasites intra cardiac. The mice finally were sacrificed 75 days post infection in order to check different experimental parameters.
Determination of parasite burden in spleen and liver Splenic and hepatic parasite burden of the BALB/c mice of different groups were determined by microscopic evaluation of Giemsa stained tissue imprints. Parasite per spleen or liver was counted as-no. of amastigotes 9 2 9 10 5 9 weight of liver or spleen (in mg) per 1,000 nucleated cells where 2 9 10 5 is a derived constant (Stauber 1963 ).
Preparation of soluble parasite antigen
Leishmanial lysates from washed promastigotes (10 9 /ml) were prepared by several cycles (minimum six) of freezing (-70°C) and thawing (37°C) followed by five minutes of incubation on ice (Mukhopadhyay et al. 1999 ). Partially lysed promastigotes were then disrupted by sonication thrice with pulse of 30 s each (Soniprep 150; MSE, UK) and centrifuged at 10,000 rpm for 30 min at 4°C. The supernatant containing soluble antigen was collected and the protein concentration was determined by Bradford Protein Assay method (Bio-Rad). Prepared antigen was stored at -20°C until further use.
Quantification of nitric oxide (NO)
The NO production was evaluated by measuring the accumulation of nitrite in the culture medium of the splenocytes (Green et al. 1982) . Splenocytes (2 9 10 6 / animal) from different groups of experimental mice were incubated in 24-well tissue culture plate with 5 lg/ml SLA in 10 % FBS containing RPMI-1640 medium for 48 h at 37°C in 5 % CO 2 incubator. After 48 h of incubation, the supernatant was collected. The mixture of Griess Reagent and culture supernatant at 1:1 ratio was incubated in 96-well ELISA plate for 20 min at room temperature in dark. The OD was determined at 550 nm by spectrophotometer (Smart spec 3000; Bio-Rad, USA).
Measurement of reactive oxygen species
To measure the reactive oxygen species (ROS) which include superoxide, hydrogen peroxide and other reactive oxygen intermediates, the cell permeable, nonpolar, H 2 O 2 sensitive probe 2 0 ,7 0 -Di Chlorofluorescein Di Acetate was used (Haldar et al. 2009 ). In brief, 2 9 10 6 splenocytes from different groups of BALB/c mice were stimulated with 5 lg/ml SLA for 24 h by keeping at 37°C in 5 % CO 2 incubator. After 24 h of incubation, the splenocytes were washed and resuspended in PBS and incubated with 2 lg/ml H 2 DCFDA at room temperature for 20 min in the dark. Relative fluorescence was measured (LS50B spectrophotometer, Perkin-Elmer, USA) at an excitation wavelength of 510 nm and emission wavelength of 525 nm and the measurement was expressed as arbitrary units.
Assay of Th1 and Th2 cytokines
Single cell suspension of splenocytes from all experimental groups of BALB/c were prepared after Ficoll density gradient centrifugation (Datta et al. 2010 ) and then suspended in 10 % FBS containing RPMI-1640 medium. The splenocytes were plated in 96-well tissue culture plates in presence of 5 lg/ml SLA in triplicate at 2 9 10 5 cells/well and incubated at 37°C in 5 % CO 2 incubator for 18-24 h. After incubation, the supernatants were collected to perform cytokine assay by ELISA as per manufacturer's instructions (BD Sciences, USA).
Measurement of antileishmanial antibody responses
Blood was collected from the experimental BALB/c heart pre-sectioning. From the blood, serum was collected and analyzed to determine SLA specific antibody titer. 96-well ELISA plates were coated with SLA (2 lg/ml) in PBS at 4°C. IgG1 and IgG2a present in the collected sera were measured with the ZYMED Antimouse IgG assay kits (Bhaumik et al. 2009 ).
Statistical analysis
The statistical significance of differences between groups was determined by the unpaired two-tailed Student's t test. Statistical significance was defined as P value of \0.05, and results were expressed as averages and standard deviations of triplicate measurement.
Results
Reduction in parasite burden in the BALB/c mice immunized through s.c. route
We evaluated the outcome of challenge infection in mice following vaccination with radio attenuated parasites through subcutaneous route in three immunized groups (designated as 50 Gy group, 100 Gy group and 150 Gy group respectively, Fig. 1a and b) and compared with infected control (Infected Group, Fig. 1a and b) . It was seen that Leishman Donovan Unit (LDU) in the spleens of 100 Gy Group and 150 Gy Group were 15 and 21 % less than that in the spleen of the infected animals group (Infected Group, Fig. 1a) . Animals of 50 Gy Group did not show any reduction in spleen LDU with respect to the Infected control group indicating parasites treated with 50 Gy dose of gamma irradiation, was not properly attenuated. This observation corroborated our earlier finding with i.p. data (Datta et al. 2011) . In case of liver (Fig. 1b) , the reductions of LDU in the 50 Gy, 100 Gy and 150 Gy Groups of animals were 16, 22 and 24 % respectively compared to that of the Infected Group.
Level of NO and ROS in experimental animal groups
In order to check the success or failure of s.c. route of immunization for radio attenuated parasites as vaccine candidate, we checked the level of free radicals in the experimental system by measuring NO production ( Fig. 2a) and reactive oxygen species generations (Fig. 2b) respectively. To study the free radical levels, we stimulated the splenocytes of the experimental animals ex vivo with 5 lg/ml SLA (Mukhopadhyay et al. 1999) and measured the nitrite level. NO-mediated macrophage effector mechanism is critical in the control of L. donovani replication in the mouse (Murray and Nathan 1999) . The level of nitrite increased by about 7 % in Group 3 (Fig. 2a) , 21 % in Group 4 (Fig. 2a) and 27 % in Group 5 (Fig. 2a) respectively compared to that found in the infected animal group, Group 2 (Fig. 2a) . The other arm of parasite killing by macrophage is by the Reactive Oxygen Species. The ROS levels were higher by 11, 21 and 34 % times in Group 3 (Fig. 2b) , Group 4 (Fig. 2b) and Group 5 (Fig. 2b) respectively than that of infected animal group (Fig. 2b) .
Th1/Th2 cytokine responses in mice immunized through s.c. route
We set up our experiment to check the level of two most important cytokines IFN-c (Fig. 3a) and IL-10 (Fig. 3b ) in our experimental model since it is well accepted that IFN-c is the most important cytokine related to the host recovery from disease (Nathan et al. 1984) , while IL-10 is global immunosuppressive Th 2 type of cytokines (Nylen and Sacks 2007 ) that has profound influence on the disease Fig. 1 The parasite burden (expressed as the Leishman Donovan Unit, LDU) of spleen a and liver b of the BALB/c mice groups are shown. 4-6 weeks old mice were immunized by sub-cutaneous route with gamma irradiated Leishmania donovani parasites, the dosage of radiation being 50 Gray (50 Gy Group), 100 Gray (100 Gy Group) and 150 Gray (150 Gy Group) respectively with one repeat of immunization in fifteen-day interval. 15 days after the last immunization, the mice were infected with virulent L. donovani parasites. An infected control group without immunization (Infected Group) and a normal control group without any infection or immunization were kept along with above groups. The LDU in the three immunized groups were shown along with the infected control group. Data represents mean ± SD of five animals per group and are representative of three independent experiments; unpaired two-tailed Student's t test was performed. P \ 0.05 was considered significant. *P \ 0.05, **P \ 0.01, ***P \ 0.001 Fig. 2 Nitric oxide levels a and reactive oxygen species levels b of normal control (Group 1), infected control (Group 2), 50 Gy immunized mice (Group 3) 100 Gy immunized animals (Group 4) and 150 Gy immunized animals (Group 5) are shown. Experiments were repeated thrice with five animals per group and one representative data set was shown as mean ± SD values; unpaired two-tailed Student's t test was performed. P \ 0.05 was considered significant. *P \ 0.05, **P \ 0.01, ***P \ 0.001 exacerbation. The levels of IFN-c were found 19, 25 and 34 % higher in Group 3 (Fig. 3a) , Group 4 (Fig. 3a) and Group 5 (Fig. 3a) animals than that found in the infected animals Group (Group 2) (lane 2, Fig. 3a) . The level of IL-10 was decreased by less than 10 % in Group 3 (lane 3, Fig. 3b ) while 15 and 22 % decreases were noticed in Group 4 (Fig. 4b) and Group 5 (Fig. 3b) compared to the IL-10 secretion found in infected control group (Fig. 3b) .
Level of humoral responses in s.c. immunized mice Protection in immunized mice is correlated with a specific pattern of immunoglobulin production as they are surrogate markers for CD4
? T-cell populations. The experimental mouse sera were assayed for anti-leishmanial Immunoglobulin G (Ig G) responses. The ratio of IgG2a/IgG1 isotypes (Fig. 4) was checked as these are the markers of Th1 and Th2 CD4
? T-cell differentiation (McMahon-Pratt and Alexander 2004). The blood sera were collected sacrificing the animals and the anti leishmanial IgG1 and IgG2a levels were checked separately at different dilutions. We considered the 10 -3 dilution for both the antibodies and measured the ratio of the two isotypes at this dilution. It was observed that in Group 2, Group 3, Group 4 and Group 5 animals, the ratio (IgG2a/IgG1) were 0.998, 0.934, 0.997and 0.987 respectively (Fig. 4) .
Discussion
The selection of the proper route of inoculation for a particular vaccine varies from one vaccine candidate to other. The influences of different routes on evoking immune response and the subsequent impact on challenge infection are still unknown. The route of immunization with live Leishmania parasites seems to control the immune response and outcome of the disease (Baldwin et al. 2003; Belkaid et al. 2000; Constant et al. 2000; Menon and Bretscher 1998; Nabors and Farrell 1994) . For experimental purposes, intra peritoneal immunization is preferred as pooling of adequate samples are required for cell immunity studies and it results in higher homogeneity in infection (Rolão et al. 2004) . To target the human trial for any vaccine candidate, all possible routes should be taken into serious consideration as the immune response thus elicited, may vary from one antigen to other. It was reported earlier that intra dermal immunization is more efficient as it requires less volume (five folds) of vaccine Fig. 3 The release of two different cytokines IFN-c a and IL-10 b of experimental animal groups: Group 1, normal mice without any infection or immunization; Group 2, animals infected with virulent L. donovani parasites; Group 3, animals immunized with attenuated parasites irradiated at 50 Gray (Gy) of dose of Gamma radiation; Group 4, animals immunized with attenuated parasites irradiated at 100 Gy of dose and Group 5, animals immunized with attenuated parasites irradiated at 150 Gy of dose respectively. Data represents mean ± SD of five animals per group and are representative of three independent experiments; unpaired two-tailed Student's t test was performed and P \ 0.05 was considered significant. *P \ 0.05, **P \ 0.01, ***P \ 0.001 Fig. 4 Humoral immunoglobulin ratio of IgG2a/IgG1 in the five animal groups: Group 1, normal mice without any infection or immunization; Group 2, animals infected with virulent L. donovani parasites; Group 3, animals immunized with attenuated parasites irradiated at 50 Gray (Gy) of dose of Gamma radiation; Group 4, animals immunized with attenuated parasites irradiated at 100 Gy of dose and Group 5, animals immunized with attenuated parasites irradiated at 150 Gy of dose respectively. Data represents mean ± SD of five animals per group and are representative of three independent experiments; Student's t test was performed and P \ 0.05 was considered significant solution than that in both intramuscular (i.m.) and s.c. routes (Méndez et al. 2002) . For Leishmania DNA vaccine, i.m route of vaccination is the preferred route (Bhowmick and Ali 2009) . Vaccination with radio-attenuated parasites has been reported earlier in cutaneous leishmaniasis (Liew et al. 1985; Rivier et al.1993) and recently by our group in VL (Datta et al. 2010; Datta et al. 2011; Datta et al. 2012) . We dealt with the attenuated live L.donovani parasites as homologous vaccine candidate for experimental murine visceral leishmaniasis (MVL) for the protection and therapy study using i.p. and i.m. routes of immunization. In our previous study, immune responses of the vaccinated BALB/c mice demonstrated that animals immunized through i.m. route showed up to 80 % reduction in LDU in the spleen of immunized animal groups while the reduction of liver LDU were above 90 % in these groups compared to that in the parasitized animals (Datta et al. 2012) . BALB/c mice immunized through i.p. route have also shown 88 % reduction in spleen LDU and liver LDU respectively (Datta et al. 2010; Datta et al. 2011) . In the present experiment for s.c. route, it has been seen that parasite load in spleens of above mentioned groups have been reduced up to 21 % and in case of the reduction in hepatomegaly, the value was 24 %. Thus the reduction of parasite burden in the s.c. route immunized groups of animals was much inferior to that observed both in i.m. and i.p. routes. It is already known that free radicals have the central role in parasite clearance in the animals (Murray and Nathan 1999 ). The reactive oxygen species level in the i.m. immunized animal groups were higher than that in s.c. route while the elevation of nitric oxide level was more pronounced in the i.p. route (five times) than both i.m. (two times) and s.c. routes (less than 1.5 times). The extent of releases of NO and ROS in the s.c. route immunized mice indicated the failure of this route of immunization. Also, analysis of cytokines from splenocytes of the immunized mice revealed no skewing of Th1/Th2 response in the s.c. route immunized animals. In the both of our i.m. and i.p. immunization studies (Datta et al. 2010; Datta et al. 2011; Datta et al. 2012) , IFN-c level was found about 3.4-4 times higher in immunized groups compared to the parasitized animals whereas the IL-10 level was reduced by 48 % (i.p. route) to about 60 % (i.m. route) in protected groups. On the other hand, our s.c. route study showed increase of IFNc level by about 1.3 times and decrease in IL-10 release maximally by 22 %. The humoral immune response measured as the ratio of IgG2a/IgG1 showed almost 1:1 ratio depicting the inability of this route of immunization to create stronger Th1 ambience in the immunized groups.
The critical dependence on the route of immunization in obtaining protective immunity is well-known. Kaur et al. (2008) have reported a strong Th1 response in BALB/c mice by inoculation through subcutaneous route with low dose of live, whole parasite antigen. This has been corroborated by Tabbara et al. (2005) and they further reported that vaccination with live parasites through subcutaneous route (s.c.) influences cell types recruited in the secondary site of infection and clears parasites efficiently. On contrary, other workers in the field (Mukhopadhyay et al. 1999; Méndez et al. 2002) experienced that s.c. route did not work well for the experimental MVL. Our present study with the radio-attenuated parasites showed little protection through s.c. route. We have observed that in the immunized groups of animals, there was enhanced IFN-c release along with the increased release of IL-10 and thus no skewing towards Th1 bias has been achieved in the immunized groups. This is corroborated by Das and Ali (2012) who claimed that despite very high IFN-c, there were high IL-4 and IL-10 productions in s.c. immunized animals which might lead to vaccine failure and disease progression in VL. Bhowmick and Ali (2009) showed that supernatants derived from antigen-stimulated spleen cells from i.p. immunized animals had activated macrophages to kill parasites in vitro. This was in contrast to the spleen supernatants from mice immunized by the s.c. route which were not potent macrophage activators. Analysis of total IL-10 production by lesion-derived cells using ELISA also demonstrated significantly higher levels of Ag driven IL-10 production (Tabbara et al. 2005) .
There are various reasons for the failure of s.c. route in this protection study. It is known that induction of immune response is macrophage dependent and macrophages are the main cells to cause phagocytosis. In case of immunization through s.c. route, the antigens are exposed mainly to the dendritic cells (DC) and DCs are not much ''professional'' in phagocytosis compared to the macrophages (Wijburg et al. 1998) . In case of s.c. route, the primary encounter DC is the main antigen presenting cell (APC) that activates the resting T-cells and immunization itself will generate its own set of T-reg cells. Thus it is better to select a route where T-reg cells will not be overrepresented (Reckling et al. 2008) The skin contains the highest percentage of natural T-reg cells of the body and they can be expanded by the delivery of antigen under the immunogenic condition (Reckling et al. 2008) . Hence it is preferred to select a route for vaccination where the T-reg priming and activation will be minimum. This may not be the case here. The failure of protection by the s.c. route may also be attributed by enhanced pre challenge TGF-b production following vaccination (Haldar et al. 2009 ). In conclusion, the vaccination of BALB/c mice with the radio-attenuated parasites through the s.c route has less protective immunity against pathogenic L. donovani challenge. This can be manifested by the lack of macrophages in the site of vaccination and also by the presence of higher level of T-reg cells at that site but this area of research has not been addressed in the present study.
